PSI Master School 2017

Introducing photons, neutrons and
muons for materials characterization

Lecture 12: Magnetic diffraction
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What is magnetic diffraction good for?
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Things to learn from magnetic neutron diffraction
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Ildentify magnetic phase transitions



Cross-section of magnetic neutron scattering

o
Hop = 27’,“713 HUN =

He = _ZILLBé
Magnetic field from electron: B(R) =V X (
Neutron-electron interaction: V(R)
Average over < k¢ V(R)|k; >= WTQO'[Q X LSi exp (ZQI‘Z? X QH
neutron coordinates: '
2, M(Q)
Q=ks—k l e ' l

5o ML(Q)

Magnetic operator 2up



Cross-section of magnetic neutron scattering
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Magnetic vs. nuclear scattering

Nuclear scattering length

b; eXp(ZQ | ri) short range and isotropic interaction

Magnetic scattering length

A

—yrea[Q x (S; x Q) + %(Pz x Q)] exp (iQr;)
\ 1
!

M1 (Q)

2pB

long range and anisotropic interaction



Cross section of magnetic neutron scattering

20 Te k
(dgczldEf> — (;MB )2 k{ S(Q,w)

S(Q,w) = X, a; Tap(0a,s — Qus)

Py, < )\Z‘MO—H)\JC > < )\f‘MB‘)\z > 5(Ef — Ez — ﬁw)

Cross-section is proportional to spin-spin correlation function

Only sensitive to the fluctuations perpendicular to the wave-vector transfer Q
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Magnetic form factor
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Fo(Q) = J sa(r) exp (iQ - 1)dr

Integral over the electron
density of a single atom

Magnetic form factor always decreases
with the wave-vector transfer

Magnetic form factor is different
from structure factor



Cross-section and magnetic dynamical structure factor

(d&%) = (g;h)QZ_f Za6(5aﬁ o Qa@ﬁ) >vana 9o 9al iy (Q) Fa(Q)
X JZoo{exp(—1Q - Ryar(0)) exp(iQ - Rua(t)))

X (Sita (0)Sg()) exp(—iwt)dt

\

Spin-spin correlation function of the material

What are the various terms in the cross-section?




Magnetic neutron diffraction

Elastic scattering limt—>oo<Sg(O)S@‘B(t)> = <53><57;6>

(92)e = N (77)*[39F(Q)]? exp(—2W)
> as(0as — QuQs) X ¥ exp(iQ - 1,)(S§)(S7)

Wave-vector dependence of scattering?



Strength of magnetic neutron scattering

Magnetic scattering length : VTe - S

/

-1.91 classical electron radius

YTre =0.54101cm(xS)=-5.4fm (xS) [fm=10"13cm]

Comparison of neutron scattering lengths, two examples:
Mn3* (S=2) Cu?* (S=1/2)
Magnetic -10.8 fm -2.65fm

Nuclear -3.7fm 7.7 fm



Intensité (a.u.)

Strength of magnetic Bragg peaks
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What are the nuclear and magnetic peaks?



Example of commensurate structures

Magnetic modulation is a integer ratio of the nuclear unit cell

(OIS

ferromagnet antiferromagnet antiferromagnet ferrimagnet

k=(0,0,0) k=(1/2,1/2,1/2) k=(0,0,0) (non-collinear)
k=(1/2,1/2,1/2)

 Mostinsulators are antiferromagnets

* Breaking of translational symmetry: magnetic unit cell can be larger than
chemical unit cell




Examples of incommensurate structures

Magnetic modulation is NOT a integer ratio of the nuclear unit cell

— = GO
*» ol =)
T B d>
N\
-* >
P - o N4
k||S k1S kLS
Longitudinal/transverse spiral structures helix structures
modulated structures (non-collinear) (non-collinear)

Incommensurate structures are stabilized by susceptibility
that diverges at an incommensurate wave-vector




Magnetic neutron diffraction from ferromagnet

(92)er = N(y7e)?[29F(Q))? exp(—2W)

Sap(0as — QaQp) x Xy exp(iQ - 1;)(S5)(S}')

Example: ferromagnet with moments along z-axis

(92)a = S=N(yre) (g F(Q)]? exp(—2W)(1 — Q2)(S5%)%6(Q — 7)

What are the various terms in the cross-section?



Example: ferromagnet Fe;0,
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C.G. Shull, E.O. Wollan, W.C. Koehler, Phys. Rev. 84, 912 (1951)

(a) (b)



Neutron diffraction from antiferromagnets

Commensurate collinear (Sy ==£1,(S7) =0,(S7) =0 oq = *£1
antiferromagnet
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Intensity (Counts per min.)
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Example antiferromanget
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* Magnetic order below about
1K with k=0

* Non Bragg peaks along b*
reciprocal axis at H=0.75T

Y. Chen et al, Phys. Rev. B 75, 214409 (2007).



Example: cross-section incommensurate magnetic structure

d=41 Example: Transverse-modulated spin structure

o] et

k=2m/A

order in unit cell propagation of magnetic structureis given by Q

mayr = g exp(i2rk - (d + R)) + (vg)  exp(—i27k - (d + R))

Determination of magnetic structure from diffraction experiment

19 o 3 (0 -0.0,)5" (Q.0)

dEdQ2




Example: cross-section incommensurate magnetic structure

S(Q) = N [|FL(r)Po((r — k) = Q) + [FL(=7)*((m + k) - Q)]

Magnetic Bragg peaks occur
at satellite positions around
Bragg peaks of the
reciprocal lattice of the
nuclear lattice

3
w24
;

bo-t

Spin ordering in unit cell from relative
intensities of magn. Bragg peaks

FQ) = 3. 0 exp(iQ - d)
d

=3

F(Q) are different for W, vectors
possible by symmetry



Techniques for (unpolarized) magnetic
diffraction

Four-circle single-crystal diffraction Powder diffraction



1)

2)

Symmetry aspects of magnetic structure
determination

ordering wave-vector k is the modulation vector of the
magnetic structure

Magnetic Bragg peaks are satellite peaks of the reciprocal
lattice peaks N +/-k




Example: TmMnO;,
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1) Incommensurate magnetic order
above 30K
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3) Order parametercan be measured
with neutron diffraction
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V. Pomjakushin et al, New J. Phys. 11, 043019 (2009).



First and second order magnetic transitions

Landau theory for a magnet: F(T,M) = Fy(T) + as(TYM? + ay(TYM* + - --

Pt
b >0
>
TO T
b <0
p. 1
T, TC T




Continuous phase transition

* Landautheory of
free energy

F-Fo F-Fo F-Fo
! t t
o 7 of 7 0 7
T>Te T=Tp T<T,

* time reversal symmetry = only even powers of M
* O, changessign at transition
* Free energy is unstable for M non zero for T< T, (M minimizes

the free energy F(T):
M? o (T.—T)

F(T, M) = F(T) + aso(T)M?* + au(T)M* + - -



Inverse susceptibility

F=o,(1’'M* +a,(T)YM* -MH +...

For small H the magnetization M is
M =2a,(T)H = «a, =%X_l
The coefficient, a,, of M? is proportional to the inverse susceptibility:
F=ly'M*+..

o, changes sign at transition = the susceptibility diverges
at a continuous transition.

More generally: for all Fourier components:

F =33 x (k)| M(k)?



Inverse susceptibility
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Several magnetic ions in the unit cell

S(rq,R) = S(rq) exp(—ik - R)

Define spin vector describing S — [Sl7 S,, ]
all spins in the unit cell:

_
Then free en?rgy can F = F75 S, S
be written as:

One of the eigenvalue of F that becomes first zero. The susceptibility of the
associated eigenvector diverges and the system orders.

Magnetic order at a second order phase transition
Is described by one irreducible representation.




1)

2)

3)

Irreducible representation

Little group is the subgroup of symmetry operations that
leave the ordering wave-vector k invariant

The irreducible representations are matrix representations
that cannot be decomposed into other representations

Basis vectors of irreducible representations are possible
magnetic structures



Example: magnetic order on square lattice

CZ/C: 1, Zb, '1, M,

hkl © h+k=2n
hOl : h,l=2n
Symmetry operations Okl : k=2n
For (0,0,0)+ set hkO: h+k=2n
(H 1 2) 2 0y} 3)1 0,0,0 @ ¢ x,0,z 0kO: k=2n
For (3,3,0)+ set hO0: h=2n
(1) £(4,4,0) @ 2(0,5,0) iy} @1 45,0 @) n(3,0,4) x4z 001 : I=2n
r1=(0 07499 025) 400
ry =(0 0.2501 0.75). e oomay
E 300 | ' Q=(OI011)
r3=(0.5 0.2499 0.25) S e T=23K
; = o T=10K
r4 =(0.5 0.7501 0.75) E
g 200 f
>
Ordering wave-vector: k=(0,0,0) 2 Cu(p2)2(CIOA);
2 100}
Little group: 1, 2, -1, m, = : RITAZ
0




Example: magnetic order on square lattice

CZ/C: 1, Zb, '1, M,
Ordering wave-vector: k=(0,0,0)

Little group: 1, 2, -1, m,,
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Cu(pz)2(ClO4),
RITA2




Magnetic domains

Q-domains Domains of moment orientation

(@)




Polarized diffraction

Polarization P = 2(S) =0 B
+uB
hw, =2uB
n+ — N L
P — M —“B
n+ +n
T ¢ S n
bl = Al + BZO' y Il —VTe0 - MJ_
Nuclear scattering (plus nuclear magn.) In case of electronic magnetism
u: spin up different spin-dependent cross-sections
V: spin down (longitudinal polarization experiments)

Uu—Uu,v—=>0,Uu—>V,0—=>T



Instrumentation of polarized scattering

POLARIZER

ELECTROMAGNET
GUIDE FIELDS

TASP, PSI

COUNTER
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Moon et al, Phys. Rev. 181, 920 (1968)



Polarized magnetic diffraction

X
7 / _ ® FLIPPER OFF
; x-axis parallel to Q o FLIPPER ON
y y-axis perpendicular to Q 400 o
Q z-axis perpendicular to g \
scattering plane y 4
a8 e (¥
neutron polarizationalongz ,-' \
= T |
3 /- \
J. r L
(+] 6 Nigl+) = M A
05 .0
0000 0o Oﬁ
_J_ (]
— — 0
( I 7 - M |+> lMy,Q -4 -2 0 2 4
A8, (deg)

Moon et al, Phys. Rev. 181, 920 (1968)
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Example: Tb,Ti, O,

Diffuse scattering from short range correlations (even at T~50mK)

Broad scattering as a function of wave-vector = no long range
order

2

[ h,h,0] (r1.u)

Intensity / (form factor)

2 o
QI (A

J. Gardner et al, Phys. Rev. B 64, 224416 (2001).




Polarized measurement of diffuse scattering
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Fennell et al, Phys. Rev. Lett. 109, 017201 (2012). My: Spln-fllp Scattering
M,: non spin-flip scattering



